The gene encoding brain-speci®c dendritic BC200 small non-messenger RNA is limited to the primate order and arose from a monomeric Alu element. It is present and neuronally expressed in all Anthropoidea examined. By comparing the human sequence of about 13.2 kb with each of the prosimian (lemur 14.6 kb, galago 12 kb, and tarsier 13.8 kb) orthologous loci, we could establish that the BC200 RNA gene is absent from the prosimian lineages. In Strepsirhini (lemurs and lorises), a dimeric AluJ-like element integrated very close to the BC200 insertion point, while the corresponding tarsier region is devoid of any repetitive element. Consequently, insertion of the Alu monomer that gave rise to the BC200 RNA gene must have occurred after the anthropoid lineage diverged from the prosimian lineage(s). Shared insertions of other repetitive elements favor proximity of simians and tarsiers in support of their grouping into Haplorhini and the omomyid hypothesis. On the other hand, the nucleotide sequences in the segment that is available for comparison in all four species reveal less exchanges between Strepsirhini (lemur and galago) and human than between tarsier and human. Our data imply that the early activity of dimeric Alu sequences must have been concurrent with the activity of monomeric Alu elements that persisted longer than is usually thought. As BC200 RNA gave rise to more than 200 pseudogenes, we used their consensus sequence variations as a molecular archive recording the BC200 RNA sequence changes in the anthropoid lineage leading to Homo sapiens and timed these alterations over the past 35-55 million years.
Introduction
Retropositional activity has persisted in genomes since the transition from RNA-based to DNAbased genomes. 1 ± 5 Rather than a scattered remnant from bygone eras, this process of converting RNA back into genomic DNA may have contributed to as much as 70-80 % of DNA sequences in mammalian genomes, barring most coding regions, heterochromatin, tandem repeats (e.g. satellite sequences) and pseudogenes generated by recombination. signi®cantly higher than the respective¯anking regions. 15 Mouse or rat BC1 RNA span 152 nucleotides, are transcribed in the nucleus by RNA polymerase III 16 and subsequently transported into the cytoplasm and dendritic processes of neurons. 17, 18 BC1 RNA may be a part of a ®ne-tuning mechanism that regulates dendritic translation. 19, 20 An orthologue for BC1 snmRNA could not be detected in other mammalian orders, including primates. 12 However, a possible analogue was detected with BC200 snmRNA 12, 21, 22 and shown to be conserved in Anthropoidea, including all New World and Old World monkeys and great apes examined. 23, 24 Like BC1 RNA, BC200 RNA is expressed almost exclusively in neurons and transported into dendrites. 22 The presence of the Alu domain of SRP RNA in BC200 RNA also implies a possible functional role in regulation of dendritic translation. 12, 19, 25, 26 In rodents, BC1 RNA had been generated before all extant species split off a common lineage, since its gene can be found in any rodent species examined. 15, 27 This ®nding also supports rodent monophyly. 15 A similar age was expected for BC200 RNA, as its closest known relative, a FLAM-C-like monomeric Alu element, 12, 23, 24 was assumed to have been active as a master{ gene after the mammalian radiation and prior to dimeric Alu master genes 60 MYA. Should BC200 RNA have originated at a later stage in primate evolution, it is tempting to speculate that its recruitment or exaptation 6, 28 may have, along with other changes, been a key molecular event towards establishing higher cognitive functions in primate central nervous systems.
In order to learn more about the events leading to generation of a novel snmRNA gene, we ®rst extended the known nucleotide sequence of the human BC200 RNA gene locus 12, 29 to about 13 kb. In addition, we isolated similar sequence stretches from the orthologous loci of three prosimians, Galago moholi, Lemur coronatus and Tarsius syrichta. As these regions possibly show different patterns of nucleotide sequence changes, as opposed to coding regions of proteins, their introns and¯anks, we also employed the regions surrounding the BC200 RNA gene to further address evolutionary relationships among prosimians as well as between prosimian and simian primates. Importantly, we have also realized that the insertion of a monomeric Alu element such as the BC200 RNA gene and the insertion of other retronuons may represent derived molecular markers in that locus 12, 30, 31 and thus may be valuable in delineating some of the earlier branching events during primate evolution.
Such analyses are necessary, as a considerable degree of controversy surrounding the branching events that led to the extant primate lineages persists. Anatomical data cannot completely endorse any of the following three hypotheses: anthropoids derived from the omomyid group (tarsiers), adapid group (lemurs and lorises) or a third group of primitive primates. [32] [33] [34] Molecular data on the involucrin 35 and epsilon globin genes 36 favour the omomyid theory, the sister grouping of tarsiers and anthropoids as Haplorhini. The insertional events presented here provide support for the aforementioned studies as well as comparative studies of tarsier Alu elements 37 and thus favour the omomyid theory. 38 On the other hand, solely by comparing the nucleotide substitutions in our four sequences, one would group humans closer to Strepsirhini.
Results
Sequence of the BC200 RNA gene loci and primate phylogeny
In the past, most DNA sequence alignments between primates were based on protein-coding regions or areas adjacent to the corresponding exons. Here, we show an alignment of a locus that contains, in Anthropoidea, a gene encoding an snmRNA. Hence, the vast majority of the¯anking sequence is intergenic. First, we note the absence of the BC200 RNA gene from the three sequenced prosimian loci. Another striking feature of the scheme of compared primary structures (Figure 1 ) is the legacy of repetitive elements (mainly retronuons) in moulding intergenic regions over rela- Numbers in the upper right segment were based on the sequences as aligned in Figure 2 , where only known repetitive elements had been removed; numbers in the bottom left segment were based on aligned sequences shown in the Figure available at http://exppc01.uni-muenster.de/expath/addmat/®g2b.pdf, where repetitive elements as well as unknown insertions of >15 bp were removed.
{ A master, founder, or source gene encodes an RNA transcribed in the germline that is reverse transcribed into cDNA copies yielding retronuons, including short interspersed repetitive elements, SINEs.
tively short evolutionary periods spanning a few tens of million years. For a more equitable comparison of nucleotide substitutions, we generated an``unscathed'' block of sequences (consisting of only the central portion that is available in all four species, see Figure 2 ) by omitting repeats and inserts of unknown origin. A further variant was generated by also removing nonalignable sequences of 515 bp (see our URL, http://exppc01.uni-muenster.de/expath/addmat/ ®g2b.pdf). Based on the sequences from these two compilations, we generated two variants of the six possible pairwise distances. 39 The values generated with both sets of sequences were almost identical and range between 0.210 AE 0.011, and between 0.351 AE 0.016 among the four primate sequences examined (Table 1) . A neighbor-joining tree based on the calculated distances is shown in Figure 3 . These calculations do not support the suggestion that the tarsier and human lineages are more closely related to each other than each of them is to the Strepsirhini (lemur and galago). This ®nding is 55 There are some sequences (light gray) that are annotated unique. They may be non-repetitive sequences that were deleted in the other lineages or correspond to thus far unknown repetitive elements.
Birth of the BC200 RNA Gene in contrast to our data on insertion of retronuons as molecular markers 31 to establish phylogeny (see below).
Repetitive elements and primate phylogeny
As expected, most of the repeats in the sequenced loci are retronuons (monomeric or dimeric Alu, MIR, LINE and retroviral-like elements) as opposed to DNA elements (see Table 2 , shown at our URL http://exppc01.unimuenster.de/expath/addmat/tabl2.pdf). In galago, lemur and tarsier, we ®nd 21, 18, and 32 known repetitive elements, respectively, while in the human sequence, there are 28. This increase in known prosimian repeats enabled us to re®ne subtype-speci®c and species-speci®c consensus sequences for Alu repeats for the three prosimians (http://www.girinst.org/Repbase_Update.html).
In addition, we ®nd sequences, termed`u nknown'' (marked as light gray blocks in Figure 1 ) that neither belong to apparent repetitive elements nor can they be found in the corresponding sequence of another primate. There are several explanations for the presence of these unknown sequences: (i) some of them may well represent repeated elements that have not been identi®ed as such in prosimians, since there is only limited sequence information available on their genomes.
(ii) Other unknown sequences may be unique and may have been deleted in the other lineages (e.g. by recombination between repeats). It should be pointed out here that even``unique'' sequences if traced far enough back, will be repetitive, predominantly of retro-origin. 2, 3 In the human sequence, we found only two DNA segments (>90 bp) that failed to align with comparable sequences (in that region only the orthologous sequence from lemur is available). The majority of small human repeats should be known by now, and consequently a search with these two human DNA segments in databases did not reveal any related repetitive sequences. As these segments are located in an area where there is no corresponding galago or tarsier sequence available, these two unknown stretches may well be present in humans as a result of deletions in lemur. In galago, lemur, and tarsier, we ®nd ®ve to eight unknown sequences, that is, sequences that could not be found in any of the other primates. Independent deletions would have been necessary in several lineages in order to be present as an unknown sequence in one of the four lineages. Therefore, the deletion scenario is less likely. Nevertheless, Figure 2 The absence of BC200 RNA from all three prosimians (see below) would favor the scenario that Anthropoidea originated from a third group of primitive primates 33, 34 or that BC200 RNA arose relatively late, after Anthropoidea split off from their sister group(s). Among Strepsirhini (galago and lemur), as expected from their closer phylogenetic relationship, there are several shared retronuons ( Figure 1 : and see Material on our URL http://exppc01.uni-muenster.de/expath/addmat/ tabl2.pdf), namely AluJ-like at positions 8487-8776 in galago and 6983-7295 in lemur; FRAM at Figure 2 . Nucleotide sequence alignment of the central core sequence available in all four species. The three prosimian (gal, galago; lem, lemur; tar, tarsier) and human (hum) sequences were aligned using the DIALIGN 2 program. 67 Known repetitive elements (including one of the two¯anking direct repeats, where applicable) and simple repeats (e.g. dinucleotide repeats) are omitted but their positions are indicated by a green I. Positions identical in all four primates are highlighted in black; positions identical in all three prosimians in yellow. In addition, sequences that are identical in both Strepsirhini are marked in gray. If one or two of the Strepsirhini are identical with human, they are shown as light or mid-blue in the human sequence, respectively. Sequences that are identical between tarsier, human and one of the Strepsirhini (galago or lemur) are highlighted in pink, and the shared nucleotides between tarsier and human only, in dark red. Tarsier and, to a lesser degree, other primates lack certain sequences. We produced a similar alignment where sequences longer than 15 Table 1 favouring an otherwise unsupported sister grouping of Strepsirhini with Anthropoidea.
Birth of the BC200 RNA Gene The LTR-related MLT1C retronuon is clearly absent from galago, but there is uncertainty in lemur, as the available sequence ends too close to the potential insertion point. There is not a single retronuon insertion that would support the former scenario, thus excluding proximity of galago/lemur to Anthropoidea. In contrast, our ®ndings lend strong support to the omomyid hypothesis, [32] [33] [34] which implies the sister grouping of tarsiers and anthropoids.
BC200 RNA arose after Anthropoidea diverged from prosimians
The locus precisely corresponding to BC200 RNA in human is devoid of BC200 RNA or any other retronuon insertion in tarsier. However, in galago and lemur there is an insertion of a dimeric AluJ-like element in almost the same site ( Figure 2 ) that is occupied by the BC200 RNA gene in Anthropoidea. Therefore, it is important to examine the possibility that the BC200 RNA gene arose from a dimeric AluJ-like element by subsequent deletion of the right half as opposed to insertion of a monomeric Alu element in Anthropoidea. To that end, we compared consensus sequences 37, 40 for prosimian Alu elements (Figure 4 ) with the BC200 gene sequence. It is apparent that the dimeric Alu sequences G22 and L13 from galago and lemur, respectively, share a number of differences from human AluJo and the BC200 gene, such as galagospeci®c deletions at positions 98-99 and base substitutions at positions 71, 94, and 100. At the same time, BC200 differs at positions 36 and 40 from the left arm of human AluJo in the so-called JelinekSchmid region 41 known to change rapidly in monomeric Alu sequences but not in dimers. 41 In addition, BC200 contains a number of transversion-type mutations, one shared with 7SL RNA (A120). In summary, any relationship between BC200 and the dimeric Alu sequences from galago and lemur is extremely unlikely. In addition, differences between BC200 and human Alu point towards a monomeric character for BC200.
The remaining, at this point less substantial, question is whether AluJ-like elements in galago and lemur arose by a singular event in a common ancestor of both Strepsirhini, or have inserted independently. The common ancestry model is supported by the fact that the corresponding AluJ elements of lemur and galago L13(6956-7293) and G22(8487-8776) share many diagnostic positions (Figure 4) . Furthermore, there is a 3 bp deletion in galago and lemur (after position 237; Figure 4 ). This hallmark is galago-speci®c, as it is shared with other galago-speci®c GS1-like sequences (see Figure 4) . However, the 3 bp deletion may be a result of gene conversion 42 between the ancestral Gal/Lem-S and a GS1-like sequence, prior to divergence between lemur and galago species.
Remarkably, the G22 Alu element in the galago preserved 21 CpG doublets compared to only 11 CpGs in the L13 lemur sequence. There is also a larger preservation of CpGs in the sequences¯ank-ing the AluJ sequence in galago than in lemur. Usually, CpG doublets change rapidly to TpG and CpA in Alu retronuons unless they are located on CpG islands. 43, 44 This suggests preservation of an ancient CpG island in galago and the corresponding human region harboring BC200, but not in lemur. It will be interesting to examine whether, in contrast to lemur L13, the galago G22 Alu element may be actively transcribed. We did not ®nd any other G22-like Alu element in galago. This may simply re¯ect the fact that G22, if expressed, may only moderately serve as master gene in contributing to a hypothetical Alu subclass and/or the paucity of published galago genomic sequences.
The close location for this dimeric Alu element in both Strepsirhini then does not inexorably support a single insertional event, as the targeted locus may be extremely receptive for insertion of Alu elements, and suggested by the nearby monomeric Alu element insertion in the Anthropoidea lineage leading to the BC200 RNA gene. This ®nding will also be discussed as a note of caution in relying on single insertions as derived characters in phylogenetic analysis (see below).
The BC200 RNA gene is a moderately active master gene for monomeric Alu elements establishing a genomic archive of changes in the BC200 RNA master gene Apart from the rodent BC1 RNA gene, which was the ®rst identi®ed source gene for repetitive elements, namely ID elements, 45 it became apparent that the primate BC200 RNA gene can give rise to pseudogenes, 12 including retropseudogenes. 46 This is further supported by the fact that BC200 RNA is, in the primate species examined, expressed in the brain and, albeit to a lower degree, in testes ( Figure 5 ). Consequently, we searched the human genome for additional BC200 pseudogenes. Thus far, we were able to identify more than 200 retrogenes (consensus sequences shown in Figure 6 ). These pseudogenes record the various stages of the BC200 founder gene over time. Apparently, the BC200 RNA gene had been slightly but continuously modi®ed from its birth Figure 4 . Alignment of BC200 RNA with potential precursors as well prosimian Alu element consensus sequences. GS1 is the consensus sequence for galago type I Alu family; 40 Gal, a further consensus sequence for the galago Alu family; 37 Lem-S, a consensus sequence for a lemur Alu family; G22, the dimeric Alu element from the galago sequence corresponding to the human BC200 insertion point; L13, the dimeric Alu element from the lemur sequence corresponding to the human BC200 insertion point. Diagnostic positions speci®c for galago and lemur Alu elements are indicated with asterisks, and positions that are different from consensus AluJo but are shared by both prosimian Alu elements (G22 and L13) and indicated by triangles. CpG dimers that are conserved in the AluJo consensus sequence are shaded in gray.
throughout its presence in the Anthropoidea lineage over the past 35-55 million years. For example, in the BC200 RNA gene of Platyrrhini we observed at position 39 a T residue, instead of C in the remaining Anthropoidea. 24 There are two explanations: (i) in the lineage leading to New World monkeys there was a C 3 T transition; or (ii) in the lineage leading to Catarrhini there was a T 3 C transition.
Comparison of all BC200-derived retrosequences (Figure 6 ), in particular CON6, the oldest consensus shown, is in full support of the latter scenario. Note that the BC200 retronuon consensus sequences (CON1-CON6) are ordered from top to bottom with decreasing similarity to the active human BC200 RNA gene. Our data are further corroborated by ®ndings that the genuine BC200 genes of the other sequenced Anthropoidea 24 share the diagnostic positions with respective consensus sequences. This supports continual retropositional activity of BC200 RNA prior to and after various branchings leading to extant anthropoid primates. It should be mentioned that the active BC200 RNA genes of extant Anthropoidea have undergone additional changes in their respective lineages. If one would examine genomes of members of the other primates (e.g. a New World Monkey) one would ®nd that the younger BC200 RNA retrogenes would closely re¯ect the sequence of their current source genes. Returning to the human CON6 consensus sequence, it resembles the ancient sequence by featuring a T residue at position 39. The fact that T39 is the ancestral base is also consistent with the sequence of the Alu free left arm (FLAM-C) consensus, one of the closest known relatives of BC200 RNA. Most dimeric Alu elements of Strepsirhini feature a C residue in this position, as do the active BC200 RNA genes of Catarrhini. If only one diagnostic position was available, this may illustrate how single nucleotide positions, without considering their potential changes over time, may lead to incorrect conclusions. In other words, C39 in the BC200 genes of Catarrhini may have given the impression of closer relationship to dimeric Alu elements in Strepsirhini.
Re¯ecting the changes of BC200 RNA in the anthropoid lineage leading to H. sapiens, we notice additional nucleotide exchanges or insertions from the ancestral state (as recorded by consensus sequences CON2-CON5) to the active human BC200 RNA gene at positions 48 (insertion of T), 49 
Discussion

BC200 RNA gene locus in four primates
Sequence analysis of the human BC200 RNA locus and the orthologous loci of three prosimians (galago, lemur and tarsier) revealed that prosimians lack the gene encoding neuronal, dendritic BC200 RNA. Consequently, the gene encoding BC200 snmRNA arose relatively late in the lineage leading to Anthropoidea (Figure 7 ). This ®nding is consistent with earlier work that showed that BC200 RNA is present in all Anthropoidea examined 24 and with RNA samples isolated from prosimian (galago, lemur and tarsier) brain failing to yield a signal in the BC200 RNA size range on Northern blots using various stringency conditions (data not shown). On the other hand, the lack of BC200 in other primates is somewhat surprising, as it was thought that monomeric Alu master gene(s) were already extinct at that stage in time. 47 Our data imply that there was a period when both monomeric and dimeric Alu elements were actively retroposed in primate genomes. This is further supported by the presence of numerous monomeric Alu elements in one but not any of the other four available orthologous sequences, e.g. only in humans or only in tarsier (Figure 1 ). There is even an occurrence of a FRAM in lemur (positions 10085-10245) but not in galago. Ruling out deletion in one lineage, this ®nding may point to the possibility that monomeric Alu elements were still active in some lineages as recently as $34 MYA. Furthermore, the monomeric Alu elements derived from BC200 RNA leave tracks of the RNA's retropositional activity into recent times, albeit the BC200 source gene has exhibited only moderate levels of retroposition.
The late activity of a monomeric Alu element and the discovery of a dimeric Alu sequence in Strepsirhini at an almost identical point of integration forced us to seriously consider the possibility that the BC200 RNA gene arose by insertion of a dimeric AluJ element and subsequent deletion of the right half. The evidence against any ancestral relationship between galago/lemur dimeric Alu Figure 5 . Expression of BC200 RNA in brain and testes. RNA blot of total RNA extracted from human (Hsa) cortex (B) and testes (T) and corresponding tissue of an Old World Monkey (Mfa, M. fascicularis). As a control for RNA integrity and equal loading, the blot was rehybridized with a 32 P-labeled oligonucleotide probe complementary to SRP (7SL) RNA. Figure 6 . Consensus sequences of BC200 pseudogenes. The Alu-related domains of BC200 pseudogenes were grouped into several consensus sequences (CON1-6) and two of the closest known potential ancestors of the Alu portion of BC200 RNA, namely FLAM-C and FLA. Along the anthropoid lineage leading to H. sapiens highest numbering of BC200 pseudogenes (CON6) refers to BC200 retronuons that were generated prior to the Platyrrhini-Catharrinhi split, while lower numbering refers to successively younger BC200 retronuons. Consequently, BC200 retronuons grouped under CON1 were retroposed over the last seven to eight million years, as they feature T48 as only seen in the active BC200 RNA genes of human, chimp, gorilla; CON2 and CON3 were generated $15-20 MYA, but after apes split from OWM (featuring C122 and A49); CON4 prior to the split Old World Monkeys/apes but after the Old World/New World Monkeys split, 25-40 MYA; CON5 re¯ects a transient form within that time span (A132 3 G132); and CON6, re¯ecting BC200 RNA in the sequence as it existed prior to the Old World/New World Monkeys split. The numbers in parentheses after the designation of consensus sequences gives the number of members per BC200 retronuon subfamily identi®ed thus far. Gray shading highlights CpG dimers. Only consensus changes that occurred in the BC200 RNA gene in the Anthropoidea lineage leading to humans and that are re¯ected in the pseudogene subfamilies are shown in place of dots. Asterisks indicate additional nucleotide changes that mark the transition from FLAM-C to the oldest BC200 RNA-derived retronuon consensus sequence (CON6). and BC200 is very compelling, since BC200 did not preserve unique features shared by galago and lemur and we are not aware of any probable scenario under which all such features could be wiped out. The only possibility known to us would involve multiple gene conversions between BC200 precursor and other human Alu sequences. As the phylogenetic tree (Figure 7 ) is most likely correct with respect to the af®nities of tarsier to the remaining primates (see below), a relationship of BC200 RNA to galago/lemur dimeric Alu would imply an additional unlikely event: a precise deletion of the corresponding sequence in tarsier.
The remaining question is whether BC200 could have been derived from a dimeric AluJo-like sequence inserted after divergence of Anthropoidea from other prosimians. This scenario would require two transversion-type mutations in the JelinekSchmid region, although this region is remarkably invariable in dimeric Alu sequences but was once very rapidly changing in monomers. 41 Furthermore, the tail region in BC200 RNA in comparison to the linker region of dimeric Alus looks much more``primitive'' than that of dimeric AluJ sequences (in particular, lacks the characteristic TAC or remnants thereof at positions 126-128). These features are more compatible with a monomeric rather than a dimeric precursor of BC200. Obviously, given the unique status of BC200 as an expressed gene, we cannot exclude speci®c selective pressures different from those in other Alu source genes. For example, the late TA insertion (found only in apes) after position 47 also occurred in a region conserved in dimeric Alu sequences. However, the most unlikely aspect of the hypothetical``dimeric'' scenario is that subsequent mutations would have to reconstruct features characteristic for monomeric Alu subfamilies.
As indicated above, separate insertional events leading to the BC200 RNA gene in Anthropoidea and dimeric Alu elements in Strepsirhini are also favored by the fact that the tarsier locus is empty. As mounting evidence strongly favours the omomyid theory (tarsiers and anthropoids are sister groups), there would have been two very unlikely events leading from an ancestral dimeric Alu element in Tarsiidea to a clean deletion of this element (including one of the direct repeats) and in Figure 7 . Phylogenetic tree of primates and molecular events concerning the BC200 RNA gene in the human lineage of Anthropoidea. This tree is based on Figure 3 of Kay et al. 38 and data provided by Martin 73 and Kumar & Hedges. 74 The shaded area indicates the possibility of a deeper bifurcation in Lemuriformes. The broken lines re¯ect the possibility of a much shorter internal branch connecting the Strepsirhini-Haplorhini split. 60, 75 All species whose BC200 RNA gene loci were sequenced (this work and Skryabin et al 24 ) are shown. Insertion of a monomeric Alu element yielding the active BC200 RNA gene occurred after Anthropoidea split from Tarsiidea. Brackets indicate transient and permanent nucleotide changes and the estimated time frames in the Anthropoidea lineage leading to H. sapiens.
Anthropoidea to a clean deletion of the right arm of this element (without deleting one of the direct repeats). All combined considerations strongly support at least two separate retroposition events into this locus in Strepsirhini and Anthropoidea, with a FLAM-C like element as an ancestor of BC200 in the latter branch. Below, we will further discuss the ancestry of the BC200 gene. In addition, strong preference of certain integration sites is consistent with recent ®ndings that Alu integrations frequently occur at motifs such as AT-rich sequence motifs. 48, 49 Such motifs are scarce in GC-rich regions and the same motif may be targeted over and over again. 4 Indeed, the sequences harboring the BC200 RNA gene and the dimeric Alu element in two prosimians are relatively AT-poor when compared to the overall base composition of human DNA (56 %). This would enhance the chance of hitting the same targets in this region. Furthermore, retroposition events may be modulated by the chromatin structure 50 that may be similar in all species examined.
Apart from the forces that expand genomic loci, most notably the action of retronuons (retroelements and retrosequences), there are genomic processes that lead to deletions, notably unequal recombinations between repeats such as Alu elements 51 and the well-known examples of deletions involving proviral sequences.
52 ± 54 Here, we observe, especially in the tarsier locus, several deletions that we cannot explain by known mechanisms. Just how far these deletions are mediated by repetitive elements awaits further clari®cation.
Phylogenetic relationships among primates
With the availability of longer non-coding sequence stretches, we had hoped to ®nally resolve disputes over relationships of Tarsiidea, Anthropoidea, and Strepsirhini. First, we numerically analyzed the sequences (depleted of repeats) that overlap in all four primate species, assuming stable molecular clocks in all lineages. By this approach, we observe a tendency of the human sequence being closer to Strepsirhini (Lemuroidea and Lorisoidea; Figure 3 ). This is in contrast to earlier molecular studies, which place the human sequence closer to Tarsiidea (see Introduction). In this study, we also applied the reliable method of scanning the sequence for common insertions of repetitive elements, so-called time-landmarks of evolution. 30, 55, 56 While we ®nd, as expected, suf®cient insertional support for the proximity of the two Strepsirhini (galago and lemur), no retronuon can be found that is identical in human and any of the Strepsirhini that, at the same time, is absent from tarsier. In contrast, inside the core of all four available and alignable sequences, we ®nd at least one unambiguous case, namely a FLAM-A, that is shared between tarsier and human and four supporting cases outside this core. These data can be interpreted only as support for the sister grouping of Anthropoidea and Tarsiidea. It shows once more that pure numerical considerations, particularly when investigating only a single genomic locus, may lead to incorrect phylogenetic relationships. 57, 58 As much as we distrust blind adherence to conclusions based merely on numerical values in sequence comparisons, and as much as we favour retronuon insertions as derived markers for establishing phylogenetic relationships, 15, 31, 59 our data give reason for caution. The de®ned BC200 RNA locus was shown to be a frequent target for Alu insertions, indicating that a single event involving a very active SINE family is not always suf®cient to establish phylogenetic relationships with absolute certainty. While this work was in the review process, Schmitz et al. 60 have impressively validated our ®ndings. In accord with previous molecular data 35 ± 37 and the data presented here, Schmitz et al. 60 ®nally cemented monophyly of Haplorhini (Anthropoidea and Tarsiidea) by establishing three additional derived markers in the form of Alu insertions. Among 118 loci examined, no marker was found in support of sister grouping of Strepsirhini and Anthropoidea.
Master or source genes for retronuons deposit their mutational history in genomes; tools for genomic archaeology
The >200 BC200 RNA retronuons left a legacy in the human genome that allows us to reconstruct the modi®cations BC200 RNA has undergone since its birth. Its transcriptional activity, a precondition of retropositional activity, must have persisted in the Anthropoidea lineage. This is supported by a brain-speci®c expression pattern of BC200 RNA in New and Old World monkeys and apes. 24 Importantly, we demonstrate that a low level expression of BC200 RNA exists in testes of monkeys and humans ( Figure 5 ).
In Figure 6 , we summarize the consensus sequences of six different subfamilies of BC200 RNA retronuons, further supporting the suggestion that the BC200 gene served moderately but quite constantly as a master gene for retroposition. During the course of evolution in the Anthropoidea lineage, these retronuons mark the changes of the master gene as preserved in the human genome. Thus, we can delineate that the ancestral BC200 RNA gene featured a T residue instead of today's C residue at position 39 ( Figure 6, CON6 ). The T 3 C transition occurred after New World Monkeys (Platyrrhini) split from the Catarrhini lineage, as the former branch still maintains the ancestral T residue at position 39 in the corresponding BC200 RNA gene orthologues. 24 Consistently, Old World monkeys and apes feature a C residue at position 39.
Consequently, even in the human genome there are retronuons that still re¯ect this ancestral stage. Likewise, CON4 and CON5 re¯ect changes that existed in BC200 RNA prior to Old World Monkeys branching off the lineage leading to apes. Of course, these consensus sequences do not cover additional changes that occurred in the paths leading to the current forms of BC200 RNA in nonhuman primates. The difference between CON4 and CON5 is an apparently transient change in the BC200 RNA master gene of A132 3 G132 yielding retronuons of the CON5 subfamily, followed by a reversion back to A132 before Apes split from Old World monkeys (Figure 7) . After apes split from Old World monkeys, we observe insertion of an A residue at position 49 (CON3, Figure 6 ). Furthermore, all apes feature a C 3 G transversion at position 122 (CON2, Figure 6 ) As CON3 appears older than CON2 (based on the number of changes at other positions in the collection of pseudogenes), the insertion of A49 probably occurred prior to the C122 3 G122 transversion. Finally, in CON1, the youngest subfamily of BC200 retronuons, we observe insertion of a T residue at position 48 (corresponding both to CON1 and the human BC200 RNA sequence, Figure 6 ). The latter change is present only in three great apes, gorilla, chimpanzee and man (Figure 7) , and must have occurred not much more than $8 MYA. Here, we demonstrate that genes with a suf®ciently large legacy of retronuons in genomes will be of general value for some types of phylogenetic studies.
What may the ancestor of BC200 RNA have looked like?
The closest known relative of the BC200 RNA gene is a monomeric Alu element of the FLAM-C type ( Figure 6 ) that integrated into the genome after the Anthropoidea lineage split from the remaining primate lineages. However, between FLAM-C and CON6, re¯ecting the BC200 RNA sequence before New and Old World monkeys diverged, we still count 11 changes. Therefore, the relationship of the BC200 and FLAM-C sequences needs to be addressed in more detail (events and intermediates leading from FLAM-C to BC200 RNA after the Tarsiidea/Anthropoidea but before the Platyrhini/Catarrhini splits during a period of 10-15 million years; V.K., unpublished results). A ®rst scenario requires that the direct precursor of the BC200 RNA gene, namely the transcribed monomeric master gene whose cDNA integrated into the BC200 locus, may have been a minor master gene related to FLAM-C, perhaps concurrently with or after FLAM-C ceased its retropositional activity. This would explain the differences in diagnostic positions when comparing FLAM-C and the ancestor of BC200 RNA (Figure 6 ). Second, in its initial phases, BC200 RNA may not have been active as master gene for retronuons and thus had left no record of its changes in the genome. Third, the insert may have been transcriptionally inactive for a longer period and only after several nucleotide changes became transcriptionally, and thus retropositionally, active. The third possibility is less likely, since the CpG dinucleotides, usually the ®rst to change, remained virtually unaltered ( Figure 6 ) when compared to FLAM-C. 23 This indicates early selective pressure to maintain the CpG dinucleotides in the gene and thus activity of the gene not long after its creation or the presence of a CpG island (see above). A further, less parsimonial variant of events, instead of considering that all changes leading from a FLAM-C-like element to BC200 occurred in a single locus would involve multiple loci. As if, in a sequence akin to relay, one FLAM-C like element led, by retroposition and further sequence variation, to the next in one or several stages until the ®nal retroposition event into the BC200 RNA gene locus. The former versions of events would imply a single``runner carrying the baton'' over the entire distance.
Conclusion
By comparing the human BC200 RNA locus with those of three prosimians, we found that all prosimians were devoid of the BC200 RNA in the corresponding locus. Consequently, we can assert that its gene was created by retroposition of a monomeric Alu element in Anthropoidea after they split off all prosimian lineages $35-55 MYA. Furthermore, during that time BC200 RNA itself served as master gene for >200 retronuons. This activity allowed us to monitor the changes in the active BC200 RNA gene during evolution of the Anthropoidea lineage leading to H. sapiens. In contrast to numerical comparisons that group Anthropoidea closer to Strepsirhini, the use of retronuons again proves to provide more reliable time landmarks of evolution. Here, we support the sister grouping of tarsiers and anthropoids as Haplorhini. Finally, availability of 12-14 kb of sequence from four primates demonstrated the general effects of retronuon impacts resulting in numerous insertions but also deletions within a time range of 30-60 million years, ascertaining the dramatic role of retronuons in shaping genomes. 1, 3, 5, 6 The high degree to which retronuons can alter, almost dis®gure, a single locus in four separate lineages over relatively short evolutionary time spans is striking (Figures 1 and 2) .
Materials, Methods, and Data Sources Sources of animal tissue and DNA isolation
Frozen tissue (liver, kidney, and brain) from galago (Galago moholi), lemur (Lemur coronatus) and tarsier (Tarsius syrichta) were obtained from Duke University Primate Center (Durham, USA). DNA was puri®ed by standard methods using phenol/chloroform. 61 
Genomic libraries
Genomic DNA libraries in bacteriophage lFIX II from galago, lemur and tarsier, catalog numbers 946152, 946159, and 946151, were obtained from Stratagene (USA). Libraries were screened for the BC200 gene locus, using species-speci®c PCR products (see below) as probes at high stringency hybridization conditions. A ®nal wash was carried out at 60 C in 0.1 Â SSPE, 0.1 % (w/v) SDS for 30 minutes. The entire inserts of positively identi®ed clones were subcloned as SalI DNA fragments into the XhoI site of the cloning vector pZERO-2.1 (Invitrogen, USA) and sequenced.
PCR amplification and isolation of genomic clones
Based on the human BC200 gene locus sequence (bacteriophage l clone BC200-9a 12 ) we designed PCR primers BC41 (5 H CTTTCATCTGGTAGGGTGTGG 3 H ) and BCR6650 (5 H AAAGCTTGTGGAAATAGAGAA 3 H ), to amplify the corresponding locus in lemur. After con®rming that the PCR fragment is indeed derived from the corresponding lemur locus by sequencing, a lemur genomic clone, lCLB2 was isolated utilizing the PCR fragment as probe and sequenced. Subsequently, we designed PCR primers based on conserved sequences between the human and lemur loci (aligned with the aid of the BESTFIT program (GCG-package). These primers LEMP3FN (5 H AAGAATGAAAAAGGCCCCTAA 3 H ) and BCR6650 (see above) were used on galago genomic DNA. After con®rmation that the isolated PCR clones were derived from the corresponding galago locus, the genomic clone lBCGK2 was isolated accordingly. By aligning the three available sequences and choosing conserved regions a further pair of PCR primers, TAR3 (5
H ) and TAR31R (5 H ACAGCCACAGAATAATTTCAGAAN 3 H ) was designed to speci®cally amplify the corresponding locus in tarsier. The appropriate PCR fragment was again used as a probe to isolate clone lBCTJ1 from the appropriate genomic library.
PCR products were ampli®ed in PCR buffer (50 mM Tris, pH 9.5, 20 mM (NH 4 ) 2 SO 4 , 1.5 mM MgCl 2 , 1 mM DTT, 0.005 % (w/v) NP-40, with or without 5 % (v/v) DMSO, and 1 M betaine), 200 mM each dNTP, 1 mM each primer and 0.5 mg of genomic DNA in a total reaction volume of 50-100 ml. One to two units of Taq DNA polymerase (Stratagene) was added and the following PCR cycles were performed as follows: 92 C for 45 seconds, 48-55 C for 30 seconds, 67/72 C for 60 seconds, for 30-35 cycles followed by incubation at 67/70 C for ten minutes. PCR products were gel-extracted and subcloned into pCR-2.1 yielding pCR-Lem4a, pGS25, and pCR-TAR389, respectively. Their inserts were used as probes for genomic clone isolation.
DNA sequencing
Genomic clones BC200-9a (human 11 ), lBCLB2 (lemur), lBCGK2 (galago), and lBCTJ1 (tarsier) were sequenced using strategies including S 1 -nuclease deletion, 62 primerwalking 63 and the GPS 2 -1 Genome Priming System (New England Biolabs, USA). Sequencing was performed on an ABI377 automated DNA sequenator using BigDye chemistry (PE Applied Biosystems, USA).
Analysis of DNA sequence
Sequence analysis and contig assembly was performed with the aid of the Lasergene software programs (DNAS-TAR Inc., USA), and the Genetics Computer Group package (Version 10.0, GCG, Madison, USA). Detection of repetitive elements and subfamily classi®cation was carried out on the CENSOR Web server (http:// www.girinst.org/) 64 and RepeatMasker (http://ftp.genome.washington.edu/cgi-bin/RepeatMasker). 65 Sequence similarities among the BC200 loci of galago, lemur, tarsier, and human sequences were established by dot-plot comparisons using the BLAST2 program using default parameters provided on the web-page (http:// www.ncbi.nlm.nih.gov/gorf/bl2.html). 66 Pairwise alignment between galago, lemur, tarsier, and human sequences in identical regions was performed using DIA-LIGN2
(http://bioweb.pasteur.fr/seqanal/interfaces/ dialign2.html) 67 and further edited in GeneDoc (http:// www.psc.edu/biomed/genedoc/). 68 More than 200 BC200 pseudogenes were collected from the public non-redundant database (nr) and database of high throughput genomic sequences (htgs) at the National Center of Biotechnology Information (http://www.ncbi.nlm.nih.gov/blastest/blast.cgi). Query sequences for searches included the entire coding region of the BC200a RNA gene, CON6, a consensus sequence (see below), re¯ecting one of the oldest forms of the BC200a gene, the Alu domain of BC200 (positions 1-134) only, and a segment including position107-134 of the human BC200 a RNA gene. The Evalues for BLAST analysis ranged from 1e-10 to 1e-60.
Data were further analyzed by a UNIX-based package of programs developed for Genetics Information Research Institute by Paul Klonowski and Vadim Dagman. Severely truncated pseudogenes were not included in the analysis. Further re®nements of the multiple alignment were done manually using the sequence editor GeneDoc (http://www.psc.edu/biomed/genedoc/). 68 
Phylogenetic analysis
Phylogenetic analysis was performed on sequences of the common central region of BC200 loci from all four species by the MEGA (Molecular Evolutionary Genetics Analysis) program (http://www.megasoftware.net/) 69 using the Kimura 2-parameter model 39 for calculating pairwise distances and building neighbour-joining trees. 70 
Classification of Alu consensus sequences
Sequences of previously unreported Alu elements were aligned using the MASE editor. 71 Alu sequences have been classi®ed on the basis of correlated inter-subfamily differences, known as diagnostic mutations. 23, 44 Consensus sequences of newly classi®ed prosimian subfamilies have been submitted to Repbase Update. 72 
RNA blots
Human brain material was obtained from Dr Mehrain at the Brain Bank of the Institute for Neuropathology, Ludwig Maximilian University of Munich (Germany). Dr Kliesch, Department of Urology, University of Mu È nster, provided tissue from human testis. Drs G. Weinbauer and E. Nieschlag, Institute of Reproductive Medicine, University of Mu È nster provided Macaca fascicularis tissue. For the isolation of total RNA, the TRIZOL puri®cation protocol was used (Gibco-BRL). Puri®ed RNA (15 mg) was fractionated on formaldehyde/1.5 % (w/v) agarose gels and transferred onto Qiabrane membrane (Qiagen, Hilden, Germany), using capillary blotting. 61 After UVcrosslinking, the membranes were hybridized with 32 Plabeled oligonucleotides complementary to the unique region of human (BC207: 5 H cTTGTTGCTTTGAGGGAAGTTACGCTTATTTggtac 3 H ) or M. fascicularis BC200 RNA (BC218: 5 H cGGGTTGTTGCTTTAAGGG-GAGTTGCGCTTATTTTTggtac 3 H ) where lower-case letters refer to unrelated linker sequences for previous cloning purposes as described. 22 Equal loading was controlled by subsequent hybridization of the same membranes with a 32 P-labeled oligonucleotide complementary to a non-Alu-related domain of human 7SL RNA (7SL36B: 5 H cGAGGTCACCATATTGATGCCGAACTTAGTGggtac 3 H ). Following hybridization, membranes were exposed to X-Ray ®lms at À80 C using intensifying screens.
Data Bank accesion numbers
The sequences reported here have been deposited in the GenBank database under the following accession numbers: AF314806, AF314807, AF314808, AF314809 for the human, galago, lemur and tarsier genomic sequences, respectively.
